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Background: Previous research has demonstrated altered neuronal responses to visual stimulation with 
food in anorexia nervosa, varying with the motivational state of hunger or satiety. The aim of the present 
fMRI study was to assess hunger- and satiety-dependent alterations in the gustatory processing of 
stimulation with food in anorexia nervosa. 

Methods: After food abstention (hunger condition) and after eating bread rolls with cheese (satiety 
condition), 12 females with restricting-type anorexia nervosa and 12 healthy females drank chocolate 
milk and water via a tube in a blocked design during image acquisition. Additionally, heart rate was 
registered during the measurements, and subjective ratings of hunger/satiety and of the valence of 
chocolate milk were assessed using a Likert scale. 

Results: In participants with anorexia nervosa, drinking chocolate milk in the hunger condition induced 
significant activations in the right amygdala and in the left medial temporal gyrus relative to healthy 
controls. When contrasting neuronal responses to drinking chocolate milk during satiety with those 
evoked during hunger, a significant activation was found in the left insula in healthy controls, whereas in 
participants with anorexia nervosa, neuronal activity in the inferior temporal gyrus, covering the 
extrastriate body area, was observed. 

Conclusions: Neuronal responses evoked by gustatory stimulation differ depending on hunger and satiety. 
Activations located in the amygdala and in the extrastriate body area might reflect fear of weight gain, 
representing one of the core symptoms of anorexia nervosa. 
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1. Introduction 


Prevalence rates of 0.3% indicate that anorexia nervosa (AN) is 
a relatively rare disorder (Hoek & van Hoeken, 2003). Its high 
relevance stems rather from its serious psychosocial and medical 
complications, which lead to death in approximately ten percent of 
cases (Mitchell and Crow, 2006; Murphy et al., 2003). According to 
the criteria of the Diagnostic and Statistical Manual of Mental 
Disorders (DSM-IV-TR; American Psychiatric Association, 2000), AN 
is characterized by a refusal to maintain body weight above 
a minimal normal weight, which is accompanied by an endocrine 
disorder resulting in amenorrhea. Although participants are 
underweight, they experience an intense fear of gaining weight or 
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becoming fat. Additionally, participants with AN perceive their own 
body weight and shape in a distorted manner, which is linked with 
a denial of the severity of the actual low body weight. 

Whereas in the binge-eating-purging subtype of AN, patients 
regularly engage in binge-eating attacks, followed by purging 
behavior (e.g., self-induced vomiting) in order to compensate food 
intake, persons diagnosed with the restricting subtype of AN 
predominantly use dieting as a method to lose weight (American 
Psychiatric Association, 2000). In general, fasting is accompanied 
by an aversion to “forbidden” food, particularly comprising food 
rich in proteins such as milk (Vaz et al., 1998). This avoidance 
of certain food has been labeled “calorie phobia” or “food phobia” 
(e.g., Kleifield et al., 1996), and results in the experience of negative 
consequences from eating, i.e., negative emotions like fear, and 
positive reinforcement from starvation (Ellison et al., 1998; Shafran 
et al., 1999). 
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Several neuroimaging studies using symptom provocation 
paradigms assessed brain activation patterns in response to the 
presentation of fear-eliciting visual stimuli such as pictures of 
bodies and food in AN, yielding inconsistent results: Regarding 
neuronal processing of distorted pictures with increased body size 
of one’s own body, an activation of the right amygdala, the right 
fusiform gyrus and the brainstem region was found in patients with 
AN when compared to controls (Seeger et al., 2002). However, this 
finding, indicating an overactivation of the brain’s fear network 
when confronted with one’s own body in AN, could not be repli- 
cated in a further study using the same paradigm (Wagner et al., 
2003). Uher et al. (2005) found that when looking at line draw- 
ings of human bodies, healthy participants displayed an activation 
in the extrastriate body area (located in the lateral occipito- 
temporal cortex) relative to patients with AN. As the extrastriate 
body area is specialized in the visual perception of human bodies 
(Downing et al., 2001; Peelen and Downing, 2007), this finding was 
suggested as probably underlying body image disturbance in AN. 

In studies examining the neuronal correlates of visual process- 
ing of food stimuli, it was shown that relative to non-eating- 
disordered controls, females with AN displayed activations in the 
insula, the anterior cingulate gyrus, and the amygdala-hippocampal 
region (Ellison et al., 1998), the temporo-occipital cortex (Gordon 
et al. 2001), the cerebellum and the ventromedial prefrontal 
cortex (Uher et al., 2004). In the opposite contrast, healthy controls 
showed activations in the occipital gyrus and the inferior parietal 
lobule compared to females with AN during presentation of food 
pictures (Uher et al., 2004). Taken together, these findings of the 
various studies extend each other and indicate that a broad 
network of brain regions seems to be involved in the specifics of 
visual processing of food stimuli in females with AN. However, the 
question of why the studies mentioned above report partly 
diverging results remains unanswered. 

Beyond differences in stimulus material, neuroimaging 
methods and sample compositions, these discrepancies might also 
be due to variations in hunger and satiety in the participants 
within and between the studies. For example, previous research 
indicated that the amygdala is involved in appetitive and aversive 
learning and that its activity is influenced by value-related 
outcome information such as that affected by the motivational 
state of satiety (for a review, see Seymour and Dolan, 2008). In this 
context, previous research on neuronal responses to the presen- 
tation of food pictures in subjects without eating disorders indi- 
cated that the motivational state has an impact on the visual 
processing of food stimuli. LaBar et al. (2001) included a mixed 
sample of healthy males and females in their study and reported 
stronger responses during hunger than during satiety in the 
amygdala, the parahippocampal gyrus and the anterior fusiform 
gyrus in response to the presentation of food pictures. Uher et al. 
(2006) found an inferior occipito-temporal response during 
hunger relative to satiety to visual food-related stimuli, which was 
stronger in healthy women than in healthy men (Uher et al., 2006). 
Finally, Frank et al. (in press) observed stronger activity in the 
superior medial frontal lobe, the fusiform gyrus, the anterior 
cingulate cortex, the middle frontal lobe and the olfactory lobe to 
pictures with high-caloric food in the state of hunger compared to 
satiety in healthy females, but not in healthy males. These results 
raise the question of possible mechanisms underlying the differ- 
ences in neuronal responses to visual food stimuli between the 
states of hunger and satiety. As insulin immediately increases after 
food intake, a recent study by Guthoff et al. (2010) investigated the 
effect of insulin on brain responses to food pictures in a mixed 
sample of males and females. The authors found a reduced activity 
in the fusiform gyrus, the hippocampus, the temporal superior 
cortex and the frontal middle cortex to viewing food pictures after 


insulin application, whereas brain responses to non-food pictures 
were not influenced by insulin administration. These data indicate 
that cerebral activation to visual food stimuli is down-regulated by 
insulin administration. 

There is initial evidence that hunger and satiety also have 
a differential effect on brain activity changes induced by visual food 
stimuli in AN. Santel et al. (2006) found that when sated, partici- 
pants with AN displayed a less pronounced activity in the left 
inferior parietal cortex compared to healthy controls, whereas 
when hungry, they showed lower activations in the right occipital 
cortex, possibly reflecting a decreased food-related somatosensory 
processing in AN. When comparing the impact of visual stimulation 
with food in patients with AN during satiety with the impact eli- 
cited during hunger, a significant activation in the right occipital 
cortex was detected. In healthy controls, this contrast revealed 
activation in the left orbitofrontal cortex, the right anterior cingu- 
late, and the left middle temporal gyrus during satiety. The authors 
speculate that these results reflect a lowered attention to food 
stimuli during the state of hunger, which makes dieting easier. 

In contrast to the relatively high number of studies investigating 
the processing of visual food stimuli in AN, to date, research on 
possible modifications in the processing of gustatory food stimuli in 
eating disorders has been neglected. From basic research, there is 
growing evidence for the role of the insula, the frontal operculum 
and the orbitofrontal cortex, belonging to the primary taste cortex, 
in the processing of gustatory stimuli (e.g., Schoenfeld et al., 2004). 
The only study so far to address the topic of gustatory processing of 
food in AN provided initial evidence that individuals who have 
recovered from AN display a lower neural activation after sucrose 
and water administration in the insula, including the primary 
cortical taste region, and in the ventral and dorsal striatum 
compared to healthy female controls (Wagner et al., 2008). 
However, it is unclear whether these results can be generalized to 
patients in the acute phase of a restricting-type AN. Furthermore, in 
this study, no differentiation was made between the state of hunger 
and satiety, even though previous research in individuals 
without eating disorders demonstrated that the motivational state 
influences the processing of gustatory food stimuli in the insula 
(Uher et al., 2006). 

Therefore, the aim of the present fMRI study was to examine 
possible alterations in neuronal correlates of gustatory processing 
of food stimuli in AN, and to test the impact of hunger and satiety. 
Based on previous research (e.g., Ellison et al., 1998; Gordon et al., 
2001; LaBar et al., 2001; Santel et al., 2006; Schoenfeld et al., 
2004; Uher et al., 2004, 2006; Wagner et al., 2008), regions of 
interest known to be involved in the processing of emotions and of 
food- and body-related stimuli that are possibly altered in AN were 
defined (amygdala, parahippocampal and cingulate gyrus, insular, 
medial prefrontal, orbitofrontal and medial and inferior temporal 
cortex). The food stimulus was assumed to elicit activations in 
participants with AN compared to healthy controls in some of the 
regions of interest. Furthermore, we postulated an influence of 
hunger and satiety on the activation of the defined regions of 
interest in both groups, but with a different expression in the 
participants with AN. 


2. Methods and materials 
2.1. Sample 


The sample was composed of n = 12 females with restricting- 
type AN and n = 12 healthy females. Participants with AN were 
recruited from the Clinic of Psychosomatic Medicine and Psycho- 
therapy of the University of Duisburg-Essen. The inclusion criterion 
for the clinical group was the diagnosis of AN according to the DSM- 
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IV-TR (American Psychiatric Association, 2000). We only included 
patients with restrictive-type AN in order to keep the sample rather 
homogeneous, as previous research demonstrated differences in 
hunger and satiety ratings between AN patients with and without 
binge-eating/purging behavior both before and after an experi- 
mental meal (Halmi, 1996). Patients with any comorbid disorder, 
except for depression, were excluded from the study. Eating 
disorder diagnoses as well as any comorbid mental disorder were 
assessed using the Structured Clinical Interview for DSM-IV (SCID I; 
First et al., 1996). In an additional clinical examination, personality 
disorders were excluded. Furthermore, any somatic disorder was 
excluded in an examination by a physician. Healthy controls 
without any current or past mental or physical disorder were 
recruited via announcements at the university. All participants 
from the two groups answered the self-report version of the 
Structured Inventory for Anorexic and Bulimic Eating Disorders 
(Fichter et al., 1998) according to the DSM-IV as well as the Patient 
Health Questionnaire (Löwe et al., 2004). Participants with and 
without AN were required to have been free of any medication for 
at least three months. Furthermore, only right-handed females 
were included. At the time of the scanning procedure, all healthy 
participants were in the preluteal phase of their menstrual cycle. 
Structural MRI revealed no abnormalities in brain tissue in any of 
the participants. Each participant was paid 30€ for taking part in 
the study. The investigation was carried out in accordance with the 
latest version of the Declaration of Helsinki. The study protocol was 
approved by the local ethics committee of the University of Duis- 
burg-Essen, Germany, and informed consent was obtained from the 
participants after the nature of the procedures had been fully 
explained. 


2.2. Procedure 


On the day of data acquisition, participants were served a stan- 
dardized breakfast consisting of two slices of toast with butter and 
Jam following a 12-h abstention from food, coffee and tea. After this 
breakfast at about 8 a.m., participants did not eat any food, and 
drinking was restricted to water until the data acquisition was 
conducted in order to induce a state of slight hunger. Furthermore, 
participants were instructed not to smoke from 8 p.m. on the day 
before the experiment, as previous research indicates that acute 
smoking has an effect on relative cerebral blood volume in several 
cortical and subcortical brain areas (Gozzi et al., 2006). For each 
participant, image acquisition was performed at the same time of 
day (between 4:30 and 5:30 p.m.). Following the first scanning 
session with provision of chocolate milk and water in the hunger 
condition, the participants were handed halves of bread rolls with 
butter and Gouda cheese (40% fat) together with a glass of water. 
Participants were instructed to eat as many bread rolls as required 
for them to feel full. This was followed by the second scanning 
session with provision of chocolate milk and water in the satiety 
condition. The participants were asked to make only minimal 
movements and keep their eyes closed. 


2.3. Paradigm 


The gustatory stimuli were administered in a block design. The 
two scanning sessions were subdivided into seven blocks, each 
lasting for 31 s. In each block, either water or chocolate milk (1.5% 
fat) was provided to the participants via two tubes in an alternate 
order, starting with water. The maximum amount of liquid 
administered was 500 mil for both water and chocolate milk. 
Participants were instructed to suck the chocolate milk evenly, to 
taste it for a short period (5-10 s) and then to swallow it. No 
instructions were given to think about anything in particular. The 


same instructions were given for drinking water in order to have 
the same motor actions in both conditions. 


2.4. Subjective ratings of valence of the chocolate milk and of 
hunger/satiety 


Subjective ratings of the valence of the chocolate milk 
were assessed using a Likert scale ranging from — 10 ( = extremely 
aversive) to 10 ( = extremely appealing) at the beginning of the two 
scanning sessions in the hunger and satiety condition. Hunger and 
satiety were rated by the participants using a Likert scale ranging 
from —10 ( = extremely hungry) to 10 ( = extremely satiated) at the 
end of the two scanning sessions in the two conditions. 


2.5. Heart rate assessment 


An MRI compatible finger clip pulse oximeter (Draeger, Lübeck, 
Germany) was used to measure heart rate. It was attached to the 
participants’ second left digit. The heart rate of each participant was 
assessed every ten scans during drinking water and chocolate milk 
in the conditions of hunger and satiety. 


2.6. Image acquisition 


Images were acquired using a 1.5 T magnetic resonance 
tomograph (Sonata, Siemens, Erlangen, Germany) with a standard 
headcoil. For individual coregistration of structural and functional 
images, a 3D FLASH sequence was used (TR 10 ms, TE 4.5 ms, flip 
angle 30°, FOV 240 mm, matrix 512, slice thickness 1.5 mm). 
BOLD contrast images were acquired using an echo-planar (EPI) 
technique (TR 3100 ms, TE 50 ms, flip angle 90°, FOV 240 mm, 
matrix 64) with 34 transversal slices with a thickness of 3 mm 
and a 0.3 mm slice gap. Prior to the data analysis, three “dummy” 
scans were eliminated in order to account for T1 relaxation 
effects. 


2.7. Statistical analysis 


Participants with AN and healthy controls were compared 
regarding age, body mass index, number of bread rolls eaten, and 
amount of chocolate milk drunk using a two-sample t-test 
including Levene’s test of homogeneity of variance as provided by 
SPSS 17. Subjective ratings of the valence of the chocolate milk 
and of hunger/satiety as well as heart rate recordings were 
analyzed using a2 x 2 ANOVA with the repeated-measures factor 
Condition (hunger versus satiety) and the between-subjects 
factor Group (participants with AN versus healthy controls). Post- 
hoc analyses consisted of a two-sample t-test (including Levene’s 
test of homogeneity of variance) calculated separately for each of 
the two conditions in order to compare the two groups and 
a paired t-test (repeated-measures) calculated separately for each 
of the two groups in order to test for differences in the variables 
between the two conditions. The significance level was fixed at 
p< .02. 

For pre-processing and statistical analyses of the fMRI data, the 
statistical parametric mapping software (SPM 5, Wellcome 
Department of Cognitive Neurology, London, UK; http://[www.fi. 
ion.ucl.ac.uk/spm/software/spm5/) was used. First, the acquired 
EPI images were realigned using sinc interpolation. Calculations of 
each subject were checked and differences in rotation of more than 
3° and lateralization of more than 2 mm would have resulted in 
exclusion of this run for the analysis. Furthermore, the images were 
normalized to the standard stereotactic space corresponding to the 
template from the Montreal Neurological Institute (http://www. 
mre-cbu.cam.ac.uk/Imaging/mnispace.html) using bilinear 
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interpolation. Functional images were smoothed with an isotopic 
Gaussian kernel of 9 mm. In order to compute activation differences 
between the active and resting conditions, a voxel-by-voxel 
comparison according to the general linear model was used, con- 
sisting of a box-car function convolved with hemodynamic 
response function and the corresponding temporal derivative. 
High-pass filtering with a cut-off frequency of 120 s and low-pass 
filtering with hemodynamic response function was applied. In 
order to test for group differences, single-contrast images were 
entered into a random effects model for group comparisons in 
which subjects were the random factor. Assessment of significant 
signal changes for each contrast was conducted by means of 
t-statistics on a voxel-by-voxel basis (Friston et al., 1995, 1999). For 
each contrast, the set of voxel values constituted a statistical 
parametric map of the t-statistics. Co-registered images were used 
to confirm correct anatomical attribution during the check of the 
first level analyses. The significance level was set at p < .001, 
uncorrected. For the group analysis, the resulting images of indi- 
vidual contrasts were taken to the second-level analysis and were 
entered into a2 x 2 ANOVA with the repeated-measures factor 
Condition (hunger versus satiety) and the between-subjects factor 
Group (participants with AN versus healthy controls). Moreover, an 
additional post-hoc two-sample t-test was calculated separately for 
the conditions of hunger and satiety in order to compare the 
participants with AN and healthy controls. Post-hoc paired t-tests 
were performed in order to calculate differences between the 
hunger and the satiety condition separately for the participants 
with AN and healthy controls. After the whole brain analysis on 
a voxel-by-voxel basis, we conducted a small volume correction for 
each region of interest in the two-sample t-tests in all second-level 
analyses. The local maxima of the one sample t-tests were used as 
centers of sphere-shaped regions of interest for a small volume 
correction. For the volume of interest, we used a sphere with 
a radius of 10 mm. Only regions that were found by this analysis are 
reported. In all analyses, a cluster (K) > 10 voxels was set as cut-off 
for significant clusters. Coordinates according to the template from 
the Montreal Neurological Institute were transformed into Talair- 
ach coordinates. 


3. Results 
3.1. Demographic data 


The two groups were comparable in terms of age. As expected, 
participants with AN had a significantly lower body mass index 
than controls (Table 1). The mean duration of the AN was M = 84.50 
months (SD = 42.80) at the time of assessment. The SCID I (First 
et al., 1996) revealed that two patients with AN fulfilled the diag- 
nostic criteria for acomorbid major depression. 


Table 1 


3.2. Comparison of food intake between participants with anorexia 
nervosa and healthy controls 


The number of halves of bread rolls with cheese eaten was 
significantly lower in participants with AN compared to healthy 
controls, as indicated by the two-sample t-test. Furthermore, 
participants with AN drank less chocolate milk in the hunger and in 
the satiety condition than did controls (Table 1). 

Comparison of ratings of satiety and valence of the chocolate 
milk as well as of heart rate recordings between participants with 
anorexia nervosa and healthy controls in the hunger and satiety 
condition. 

For stimulus valence, the 2 x 2 ANOVA indicated significant main 
effects of Condition (F (1, 22) = 15.87, p = .001) and Group (F(1, 
22) = 14.79, p = .001), but no significant Condition x Group inter- 
action (F(1,22 0.60, p = .446). Participants with AN rated the chocolate 
milk less appealing than did controls in both conditions (hunger 
condition: t(14.32) = 3.77, p = .002; satiety condition: t{16.74) = 3.36, 
p = .004)), as indicated by the post-hoc two-sample t-test. The post- 
hoc paired t-test revealed atrend towards significance concerning the 
difference in ratings of appetence of the chocolate milk between the 
hunger and the satiety condition in participants with AN (t{11)= 1.83, 
p = .094) and a significant difference between the two conditions in 
healthy controls (t(11)= 4.93, p < .001); in both groups, the chocolate 
milk was rated as more appealing in the hunger condition than in the 
satiety condition. Means and standard deviations are provided in 
Table 2. 

For satiety after drinking chocolate milk, the 2 x 2 ANOVA indi- 
cated significant main effects of Condition (F(1, 22) = 66.14,p <.001) 
and Group (F(1, 22) = 19.34, p < .001), but only a trend towards 
significance for the Condition x Group interaction (F(1, 22) = 3.44, 
p = .077). As indicated by the post-hoc two-sample t-test, a higher 
degree of satiety was found among participants with AN compared 
to controls in both conditions (hunger condition: t(22) = 3.81, 
p = .001; satiety condition: t{22) = 3.06, p = .006). The post-hoc 
within-group t-test revealed a significantly higher degree of sat- 
iety after having drunk the chocolate milk in the satiety 
condition compared to the hunger condition in participants with AN 
(t(11) = —4.25, p = .001) as well as in healthy controls (t(11) = — 7.41, 
p < .001; Table 2). 

With regard to heart rate during drinking chocolate milk, the 
2 x 2 ANOVA revealed a significant main effect of Group (F (1, 
22) = 13.09, p = .002), but no significant main effect of Condition (F 
(1, 22) = 1.52, p = .230) and no significant Condition x Group 
interaction (F (1, 22) = 0.15, p = .703). The post-hoc two-sample t- 
test indicated a lower heart rate for participants with AN compared 
to controls in both conditions (hunger condition: t{22) = 3.69, 
p = .001; satiety condition: t{22) = 3.36, p = .003). No significant 
heart rate difference was found during drinking chocolate 
between the hunger and the satiety condition in participants with 


Means (M) and standard deviations (SD) of age, body mass index, number of halves of bread rolls eaten, amount of chocolate milk drunk in the two conditions and results of 
a two-sample t-test? comparing participants with anorexia nervosa and healthy controls concerning these variables. 


Anorexia nervosa 


(n = 12) 
M 
Age (in years) 27.42 
Body mass index (in kg/m?) 14.07 


Number of halves of bread rolls eaten 1.15 
Amount of chocolate milk drunk in the hunger condition (in ml) 47.50 
Amount of chocolate milk drunk in the satiety condition (in ml) 39.58 


* The t-test included Levene’s test of homogeneity of variance. 


Healthy controls t-test 
(n = 12) 
SD M SD t df p 
10.57 25.33 3.58 0.65 13.49 0.529 
1.78 21.36 1.62 10.51 22 <0.001 
0.41 3.42 1.24 6.03 13,32 <0.001 
31.95 80.42 24.72 2.82 22 0.010 
27.09 71.67 24.71 3.03 22 0.006 
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AN (t(11) = —0.67, p = .519) or in healthy controls (t(11) = -—1.05, 
p = .316), as indicated by the post-hoc paired t-test (Table 2). 


3.3. Comparison of neuronal responses to drinking chocolate milk 
between participants with anorexia nervosa and healthy controls in 
the hunger and satiety condition 


The 2 x 2 ANOVA revealed a significant main effect of Condition 
in the right middle frontal gyrus. A significant main effect of Group 
was found in the bilateral medial temporal gyrus and in the right 
anterior cingulate cortex. A significant Condition x Group interac- 
tion effect was found in the left medial temporal gyrus (Table 3). 

The post-hoc two-sample t-test contrasting participants with 
AN and healthy controls regarding the effects of drinking chocolate 
milk indicated that in the hunger condition, participants with AN 
displayed activations in the right amygdala and in the left medial 
temporal gyrus relative to healthy controls. Healthy controls dis- 
played activations in the right medial frontal gyrus compared to 
participants with AN when drinking chocolate milk in the hunger 
condition. In the satiety condition, no significant differences 
emerged between the two groups (see Table 4 and Fig. 1a). 

In participants with AN, the post-hoc paired t-test indicated 
significant activation in the right inferior temporal gyrus in the 
satiety condition compared to the hunger condition. In healthy 
controls, activations were detected in the left insula when partici- 
pants were sated relative to when they were hungry. In the hunger 
condition, no significant activation was found relative to the satiety 
condition in either of the two groups (Table 5 and Fig. 1b). 


4. Discussion 


The present exploratory study is the first to analyze brain acti- 
vation patterns elicited by gustatory stimulation in persons with 
AN in the motivational states of hunger and satiety. One central 
finding is that when drinking chocolate milk, females with AN 
displayed neuronal activity in the right amygdala and in the left 
medial temporal gyrus in the hunger condition relative to healthy 
females. This finding of amygdala activation is in line with previous 
research using a symptom provocation paradigm in mental disor- 
ders in which participants were confronted with the feared stim- 
ulus (e.g., spider phobia; Schienle et al., 2007). The amygdala is 
assumed to be involved in the recognition, evaluation and response 
to aversive stimuli and in the acquisition of conditioned emotional 
responses to neutral stimuli (Cahill and McGaugh, 1990; Zald et al., 


Table 2 

Means (M) and standard deviations (SD) of subjective ratings of appetence/aversion 
towards chocolate milk and of hunger/satiety as well as of heart rate recordings for 
participants with anorexia nervosa and healthy controls in the conditions of hunger 


and satiety. 
Anorexia nervosa Healthy controls 


M SD M SD 


Rating of appetence/aversion towards chocolate milk? 

Hunger condition —0.58 7.13 7.75 2.80 
Satiety condition 3.17 6.45 3.92 3.42 
Rating of hunger/satiety after drinking chocolate milk® 

Hunger condition 2.75 4.90 3.67 3.17 
Satiety condition 8.25 2.09 5.08 2.91 
Heart rate during drinking chocolate milk 

Hunger condition 58.01 9.83 el 10.96 
Satiety condition 58.96 12.30 75.53 11.83 


° Scores from the valence rating range from —10 ( = extremely aversive) to 10 
( = extremely appealing). 

b Scores from the hunger/satiety rating range from of —10 ( = extremely hungry) to 
10 ( = extremely satiated). 


1998). Furthermore, two meta-analyses revealed that the amygdala 
is predominantly activated by experiencing the emotion of fear 
(Murphy et al., 2003; Phan et al., 2002). Beyond emotion process- 
ing, the right amygdala is also known to be activated by aversive 
gustatory stimuli, probably due to its relatively direct projections 
from the gustatory system including the insular primary gustatory 
region, the caudolateral orbitofrontal cortex and the gustatory 
responsive nuclei in the brainstem and the thalamus (Zald et al., 
1998). Based on these previous findings, the activation of the 
amygdala in AN observed in the present study might reflect a fear 
of weight gain that is triggered by drinking chocolate milk, food 
that is generally appraised by patients with AN as “forbidden” (Vaz 
et al, 1998). To date, it is unclear why this group difference in 
activation of the right amygdala was only found in the hunger 
condition and not in the satiety condition, as in the satiety condi- 
tion, additional calories might be most aversive for the participants 
with AN. As previous research indicated that in general, amygdala 
activity is modulated by satiety (for a review, see Seymour and 
Dolan, 2008), one explanation for this result might be that in the 
state of satiety, chocolate milk is experienced as aversive not only 
by the participants with AN, but also by the healthy controls which 
might have resulted in the non-significant group difference after 
having eaten the bread rolls. However, as the Condition x Group 
interaction effect in the amygdala was not significant, one should 
be cautious in interpreting possible differential effects of hunger 
and satiety on the group difference in amygdala activation reported 
above. Moreover, the findings from previous research should be 
considered in this context, indicating that the amygdala is involved 
not only in aversive, but also in appetitive learning (Baxter and 
Murray, 2002; Seymour and Dolan, 2008). Therefore, an alterna- 
tive explanation for the finding of the group difference in amygdala 
activation during drinking chocolate milk in the state of hunger 
might result from differential reward properties of (high-caloric) 
food in females with AN and non-eating-disordered females. 
Accordingly, valence ratings indicated that participants with AN 
experienced the chocolate milk even in the state of hunger as 
slightly aversive, whereas healthy controls rated it as appealing. 

The fear of weight gain mentioned above might not only 
underlie the differential amygdala activation in the two groups, but 
could also be responsible for the finding of activation in the medial 
temporal gyrus in participants with AN compared to controls in the 
state of hunger. Accordingly, Gordon et al. (2001) observed medial 
temporal activations induced by viewing high-caloric foods in 
patients with AN, which were accompanied by an increase in 
anxiety. However, heart rate as an unspecific indicator of sympa- 
thetic arousal was found to be lower in AN compared to healthy 
controls across the conditions of hunger and satiety. This result is in 
accordance with findings from previous research demonstrating 
not only bradycardia in AN (Mont et al., 2003; Pirke, 1996), but also 
an altered autonomic regulation due to starvation or intermittent 
dieting, which results in a generally blunted heart rate reactivity to 
mental stimulation in eating disorders (Koo-Loeb et al., 1998; Pirke 
et al., 1992). Therefore, it might be suggested that in the present 
study, the assumed enhanced emotional arousal (e.g., concerning 
anxiety) due to drinking chocolate milk was likely masked by the 
reduced response capability of the sympathetic nervous system in 
participants with AN. 

A further group difference in the neuronal correlates of 
drinking chocolate milk emerged in the right medial frontal 
gyrus, with healthy controls displaying activations relative to 
participants with AN in the state of hunger. Based on previous 
research providing hints that this brain region is activated during 
reward anticipation (Yacubian et al. 2007), drinking chocolate 
milk might have been experienced by the healthy participants as 
more pleasant than by the participants with AN. This speculation 
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2 x 2 ANOVA comparing the neuronal correlates of drinking chocolate milk in participants with anorexia nervosa and healthy controls in the hunger and in the satiety 


condition. 


Region (cortex) Brodmann area Talairach coordinates 


Main effect of condition 


Middle frontal gyrus 6 34, 16, 60 
Main effect of group 

Medial temporal gyrus 40 64, —28, 20 
Medial temporal gyrus 2 66, —22, 22 
Anterior cingulate cortex 10 8, 52,4 
Interaction condition x group 

Medial temporal gyrus 20 60, —16, —18 


Note. FWE = Family wise error; FDR: False discovery rate; KE = cluster extent. 


is also sustained by the results of the appetence rating as 
mentioned above. 

The comparison of neuronal activations induced by gustatory 
stimulation with chocolate milk in the two motivational states 
revealed activation in the right inferior temporal gyrus in partici- 
pants with AN when sated compared to when hungry. This iden- 
tified brain region corresponds to the extrastriate body area, 
a cortical region that responds, among other things, to viewing 
human bodies (Downing et al., 2001; Peelen and Downing, 2007; 
Saxe et al., 2005). Previous research indicated that the state of 
body dissatisfaction increases through consumption of high-caloric 
food, especially in persons with a higher degree of shape and 
weight concerns (Vocks et al. 2007). Therefore, it might be 
assumed that while drinking the chocolate milk in the satiety 
condition, participants with AN were mentally focused on their 
bodies to a higher extent than in the hunger condition, possibly 
because they anticipated weight gain due to the additional food to 
be consumed. However, this interpretation has to be regarded 
cautiously, as the Condition x Group interaction effect for the 
inferior temporal gyrus failed to reach statistical significance. 
Furthermore, it has to be considered that in order to confirm this 
hypothesis, different research designs are needed in which the fear 
of getting fat should be induced and measured more directly. 

In healthy females, the comparison of the effects of gustatory 
stimulation in the two motivational states indicated activation in 
the left insula in the satiety condition compared to the hunger 
condition. This activation might represent the general role of the 
insula not only in the processing of gustatory stimuli (Pritchard 
et al., 1999; Small et al., 2001), but also in the processing of the 
emotion of disgust (Murphy et al., 2003). However, although the 
appetence towards chocolate milk was lower when sated compared 
to when hungry, it was still rated as appealing by the healthy 
females. In contrast to the study by Santel et al. (2006), we did not 


Table 4 


Laterality F-value Voxel level FWE Voxel level FDR KE 
R 19.41 0.908 0.359 21 
R 14.67 1.000 0.346 15 
L 25.99 0.335 0.284 31 
R 18.49 0.954 0.346 32 
1L 13.71 0.887 0.346 12 


observe differential activation in the orbitofrontal cortex in the 
healthy control group when comparing activations in the hunger 
and in the satiety condition. This discrepancy might be due to 
differences in the stimulus material, as Santel et al. (2006) used 
visual stimulation with food pictures. 

As opposed to more traditional stimulation methods, e.g., by 
visual stimuli, one difficulty in the interpretation of the data is 
that the design of the present study does not enable a proper 
distinction between an enhanced emotional activation due to 
fear of weight gain triggered by drinking the chocolate milk on 
the one hand (Kleifield et al., 1996) and the effects of the 
presumably reduced general somatosensory processing of 
gustatory stimuli in AN on the other (Santel et al., 2006; Wagner 
et al., 2008). Possibly, and particularly in the limbic circuits (e.g., 
the amygdala, insula, anterior cingulate cortex), which are 
involved in both emotion processing and gustatory processing, 
effects of an enhanced fear of weight gain and a decreased food- 
related somatosensory processing in AN might have partly 
balanced each other out. 

An unresolved issue is whether the differences in brain activa- 
tion patterns between participants with AN and healthy controls 
observed in the present study reflect differences in neural activity 
due to the experimental stimulation or whether they are a conse- 
quence of abnormal metabolic rates in various brain regions as 
a consequence of the eating disorder, especially when considering 
the fact that the mean duration of the AN was about seven years in 
the current sample. Accordingly, previous research has demon- 
strated that subjects with AN have a reduced brain volume and 
display a disturbed metabolism in frontal, cingulate, temporal and 
parietal regions (for a review on this issue, see Kaye et al., 2009). 
The finding from previous research that in general, these alter- 
ations normalize after weight recovery, indicate that they might be 
a starvation-driven consequence of the disorder (Kaye et al., 2009). 


Post-hoc two-sample t-test comparing the neuronal correlates of drinking chocolate milk between participants with anorexia nervosa and healthy controls in the hunger and 


in the satiety condition. 


Region (cortex) Brodmann Talairach coordinates Laterality t-Value Cluster level K’E 
area p corrected 
Hunger condition 
Anorexia nervosa > healthy controls 
Amygdala 28 20, —16, —11 R 4.58 0.930 26 
Medial temporal gyrus 20 54, —43, —8 jL, 4.38 0.959 22 
Healthy controls > anorexia nervosa 
Medial frontal gyrus 9 2552,36 R 5.43 0.055 148 


Satiety condition 
Anorexia nervosa > healthy controls 


Healthy controls > anorexia nervosa 


Notes. K E = cluster extent; p < .001, uncorrected for whole brain analysis and small volume correction for predefined areas. Only significant results are displayed. 
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Hunger condition: 
Anorexia nervosa > controls 


Anorexia nervosa: 
Satiety condition > 


hunger condition 


Fig. 1. a. Activations of the right amygdala (x = 20, y = -16, z = -11) in participants with anorexia nervosa compared to healthy controls when drinking chocolate milk in the 
hunger condition as indicated by a two-sample t-test. b. Activation of the right inferior temporal gyrus covering the right extrastriate body area (x = 50, y = -66, z = 0) in response 
to drinking chocolate milk in the satiety condition compared to the hunger condition in participants with anorexia nervosa as indicated by a paired t-test. 


A further aspect that has to be considered when interpreting the 
data is that in the present study, the participants were instructed to 
eat as many bread rolls with cheese as were needed to induce 
a state of satiety, and the amount of chocolate milk to be drunk was 
also ad libitum. This procedure was chosen based on previous 
research demonstrating that individuals with AN in general have 
lower hunger levels and higher satiety levels compared to non- 
eating-disordered persons (see Halmi, 1996; Herpertz et al., 2008), 
which influences the amount of food needed to experimentally 


Table 5 


induce a state of satiety. In line with these findings, in the present 
study, participants with AN were less hungry after the food 
abstention than healthy controls. After eating the bread rolls with 
cheese, the two groups no longer differed in the extent of satiety, 
even though participants with AN ate significantly less than 
controls. Furthermore, participants with AN drank less chocolate 
milk in the first scanning session than did controls, but felt slightly 
sated afterwards, whereas healthy controls were still hungry. 
Therefore, the smaller amount of bread and chocolate milk 


Post-hoc paired t-test (repeated-measures) comparing the neuronal correlates of drinking chocolate milk between the hunger and satiety condition in participants with 


anorexia nervosa and in healthy controls. 


Brodmann 
area 


Region (cortex) 


‚Anorexia nervosa 
Hunger condition > satiety condition 
Satiety condition > hunger condition 


Inferior temporal gyrus 37 50, -66, 0 


Healthy controls 

Hunger condition > satiety condition 
Satiety condition > hunger condition 

Insula = 


Talairach coordinates 


36, —8, —3 


Cluster level KE 
p corrected 


Laterality t-Value 


R 5.57 0.888 24 


Ik, 4.39 0.999 10 


Notes. K E = cluster extent; p < .001, uncorrected for whole brain analysis and small volume correction for predefined areas. Only significant results are displayed. 
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consumed by the participants with AN might have partly balanced 
out the generally lower hunger levels and higher satiety levels in 
persons with AN. Based on these considerations, the question of 
whether the group differences in brain activation patterns observed 
in the present study would be even more pronounced ifthe amount 
of food to be consumed was standardized should be addressed in 
future research. 

It should also be pointed out that each participant underwent 
the various conditions of the study in the same sequence, and 
therefore order effects might have influenced the results. For 
example, it cannot be ruled out that the differing impact of 
drinking chocolate in the conditions of hunger and satiety might 
at least partly be due to the fact that when drinking chocolate 
milk in the hunger condition, a novelty effect resulting from 
drinking the liquid for the first time within the experiment might 
have taken place, whereas when drinking it in the condition of 
satiety, habituation processes might have occurred, as the choc- 
olate milk was being drunk for the second time. However, we 
only found significant activation comparing the satiety state with 
the hunger state, and not in the reverse contrast. This would have 
been expected had we assumed a form of habituation for the 
second run. Furthermore, it should be considered that within one 
experimental session, it is possible to go from a state of hunger to 
a state of satiety relatively quickly by providing food, while 
the opposite direction — i.e., going from being sated to being 
hungry — is barely possible. 

A further limitation of the present study is that due to the high 
comorbidity rates of AN and affective disorders (Hudson et al., 
2007), the existence of a comorbid depression was not defined as 
an exclusion criterion for participation in the present study, 
whereas patients with other comorbid disorders were excluded. 
Although only two patients with AN fulfilled the diagnostic criteria 
of a major depression, it has to be considered that the presence of 
an affective disorder might have had an influence on the results, as 
previous research has demonstrated that reward-learning is altered 
in various brain regions in major depression (Kumar et al., 2008). In 
this context, it should be kept in mind that as we did not assess 
mood in the present study, we were unable to control for possible 
differences in this variable between participants with AN and 
healthy controls. Therefore, in future research, it would be inter- 
esting to test for the influence of mood differences between the 
groups as well as of mood changes on neuronal correlates of 
gustatory stimulation in eating disorders. 

Additionally, it has to be kept in mind that although the 
participants indicated that they had followed the instructions of the 
experimental protocol regarding food intake before the experi- 
ment, they were not under strict experimental control during the 
whole day, making it impossible to verify whether each participant 
really abstained from food intake. Finally, although participants 
with AN and healthy controls did not significantly differ in mean 
age, the two groups were not matched regarding this variable. 
Moreover, it should be emphasized that unfortunately, we did not 
assess how many of the participants were smokers. Although 
studies on the effect of chronic smoking on neuronal responses to 
gustatory stimulation are lacking, recent research provides first 
evidence that whilst regular smoking is associated with olfactory 
impairment, in general, it does not seem to cause gustatory 
dysfunction, except for in very heavy smokers (Vennemann et al., 
2008). However, as chronic smoking seems to influence brain 
activity in general (Brody, 2006), this aspect needs further in-depth 
consideration in future research. 

In spite of these limitations, the present study provides first 
evidence for hunger- and satiety-dependent alterations of gusta- 
tory food processing located in limbic-cortical areas in acute 
restricting-type AN, possibly reflecting fear of weight gain as one of 


the core symptoms of AN. It is likely that a more profound under- 
standing of the neural mechanisms underlying the abnormal 
feeding behavior in AN will contribute to the advancement of more 
targeted interventions for this challenging mental disorder in the 
future. 
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